, at pH = 6.9 and pH = 3 using 2D-NOE data suggests that the molecules are likely in the duplex form at 5°C. We lack evidence that the structure at pH 3 is a PS structure with T nucleotides residing in the exterior of the helix. Titration of the longer oligonucleotlde, d(TC) 15 , showed a prominent pK^ of ~ 6, approaching the value of 7.0 obtained from the titration of poly-(dC).
INTRODUCTION
Alternating (C-T) n sequences are frequently found to participate in the structure of triple-stranded DNA or H-DNA (1-4). The (CT) n sequence uses a Hoogsteen base pairing scheme to bind in the major groove of the (GA) n .(TQ n duplex (5) (6) (7) . Low pH facilitates the triplex formation, due to the requirement of the protonated C in the C + .G.C base pair. However, protonation of the (C-T) n sequence may favour other structures. Gray et al. (8) (9) (10) proposed that at low pH poly(dC-dT) forms an unusual duplex structure in which the cytosines are hemi-protonated, and form continuously-stacked C + :C base pairs with the thymidine nucleotides extruding into the solvent region. An NMR study (11) of a short DNA hexamer d(CT) 3 at pH = 3 supported the model of Gray et al. The key supporting evidence was the absence of NOE crosspeaks between the aromatic protons from adjacent pyrimidines, i.e, CH5/CH6 to TH6 and T-methyl (11) .
Recently there has been a resurgence of interest in the study of pH-dependent behavior of nucleic acids, in part due to the possible biological significance of H-DNA (1-4) and the potential application of antigene DNA/RNA via the triple helix (12) . Several surprising results have appeared. We have shown that DNA sequences associated with 5'-CGA have a strong tendency to form parallel-stranded homo-base paired double helix under low pH conditions (13) . For example, the heptamer d(CGACGAC) forms a remarkably stable PS-DNA duplex at pH 6.0 (14) . The structure is stabilized considerably by the hemiprotonated C:C + base pair and the extensive inter-strand stacking of G:G base pair over A:A base pair.
Poly-(dC) has been shown to have a very high pK, and its structure has been proposed to be either a parallel duplex (15) or a single helix (16) . An NMR study of dtA-A) at pH 3 indicated that the C 5 segment involved C:C + base pairs in a parallel helix (17) . This type of C:C + base pair has been observed in the crystal structure of protonated d(CpG) (18, 19) . More recently, on the basis of NMR data Gehring et al. (20, 21) have proposed a very unusual tetra-stranded fully intercalated helical structure for an oligo-{dC)-containing die molecule, d(TCCCCC). Those results clearly showed that DNA sequences containing a significant portion of oligo-C may have complex pH-dependent conformations.
We have undertaken a detailed analysis of the structural consequences of the alternating C-T sequence under the influence of pH. We have synthesized three DNA oligonucleotides, d(CT) 4 , d(TQ 4 and d(TQ 15 and analyzed their structures by NMR. Our results revealed an interesting pH-dependent conformational behavior associated widi these molecules.
MATERIALS AND METHODS
The oligonucleotides were synthesized by an Applied Biosystems DNA synthesizer and purified by Sepharose G50 column chromatography. The purity of the preparation was judged to * To whom correspondence should be addressed be greater than 95 % by reverse phase (C4 column) HPLC and NMR analyses. Samples for 'H NMR analysis were prepared in D2O as described earlier (22) . The solution (final volume of 0.5 ml) contained different concentrations of the molecules (2.5 mM duplex of d(TQ 4 and d(CT) 4 and 1 mM duplex of d(TQ 15 with 150 mM NaCl). The pH of this unbuffered sample was monitored and adjusted at each lyophilization step and the reported pH values were measured after the collection of NMR data. For the pH measurements in D 2 O solutions, the pH reading in D 2 O was calibrated (pH=pD-0.4) according to the method of Glasoe et al. (23) . All reported pH measurements were made at room temperature.
The >H NMR spectra were recorded on a GE GN500 500 MHz spectrometer. The chemical shifts (in ppm) are referenced to the HDO peak which is calibrated to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at different temperatures. The 2D-NOESY spectra were collected by the method of States et al. (24) with a composite pulse NOESY sequence. The spectra were recorded with 512 t] complex blocks of 2048 complex points each (in the t 2 dimension) and averaged for 16 scans per block. The total recycle time for the NOESY experiment (mixing time 200 ms) was 2.76 s. The 2D data sets were processed with the program FELIX (25) on Silicon Graphics workstations using the truncation apodization described earlier (22) and an exponential multiplication at 5 Hz was used. The intensities of the NOE crosspeaks were measured by the program MYLOR (22) . There were ~600 NOE crosspeaks (many of them are overlapped), considered to be above the noise level for the octamers and they were used in the refinement. An iterative spectral-driven procedure SPEDREF (22) using the full-matrix relaxation theory was used for the refinement. Models incorporating various C:T base pairs were prepared using QUANTA (26) and X-PLOR (27) . The exchangeable proton ID spectrum was collected using the selective excitation 1331 pulses to excite resonances ranging from 9 ppm to 17 ppm as described by Hore et al. (28) . Hence the peak integrals are distorted.
There are a number of possible base pairing schemes involving cytosine and thymine (29) . Some of the relevant ones are shown in Figure 1 . Note that when the two glycosyl bonds of a base pair are on the same side of the base pair (i.e., cis configuration), the helix is usually anti-parallel. When they are on the opposite side (i.e., trans configuration), the helix is usually parallel.
RESULTS AND DISCUSSION pH-dependent behavior of alternating (C-T) sequences
The pH-dependent behavior of the alternating (C-T) sequences was studied by carefully titrating the solution of d(TC) 4 (2.5 mM duplex) and dfTQu (1 mM duplex) with HC1. The titration curves ( Figure 2 ) clearly show that well-defined pK, values exist for both molecules. A sharp pK,, at 5.9 can be seen for d(TC) 15 , indicating a cooperative absorption of protons by the 30-mer DNA. This pK, value is close to that of the poly(dTdC) ^=5.8) studied by Brown et al. (9) .
The possible structures associated with the alternating d(T-C) sequences were first analyzed by 1D-NMR. The nonexchangeable proton ID spectra of d(TC) 4 and d(TC) iS at different pHs at 5°C are shown in Figure 3A and 3B, Figure 3A ). Therefore this new species with broad resonances is in slow exchange with the acid and neutral pH forms. In fact, the spectrum has become severely broadened for dCTQ^ ( Figure 3B ) suggesting that there are likely to be multiple structures associated with d(TQ 15 near thepK... Temperature dependent studies were carried out to probe the stability of the structure associated with the various species. Figure 4 compares the ID-spectra of d(TC) 4 and d(CT) 4 at different temperatures at pH 3.86. Notice that at 5°C there is a significantly higher proportion of the new species (e.g., resonance at 1.76 ppm) for the d(TC) 4 sequence than for the d(CT) 4 sequence. By raising the temperature to 25°C, the resonances from the new species have mostly disappeared. Further increasing the temperature only sharpens the peaks, but their chemical shifts remain largely unchanged. It is likely that the molecule is mostly single stranded at temperatures above 35°C.
Structural analyses by 2D-NOESY
What are the structures of the (T-Q n sequence at different pHs? We have carried out detailed 2D NMR analyses of d(TC) 4 and d(CT) 4 at three different pHs (3.0, 3.86 and 6.9) to attempt to sort out the answers. Figure 5 shows the complete 2D-NOESY spectra at 5°C. It can be seen that many crosspeaks are clearly observed. The assignment of the resonances was straightforward using standard sequential assignment procedure (30 Figure 4 . Temperature dependent studies of d(TC) 4 and d(CT) 4 at pH 3.86. Note mat some broad resonances (e.g., at 1.76 ppm and 7.0 ppm) disappeared before 25°C. nucleotides (C or T), instead of to a specific residue. Figure 6 shows some of the expanded regions of the 2D-NOES Y spectra in which the key NOE crosspeaks are indicated. Most importantly, we observed a clear crosspeak between the CH6 (and CH5) and the TMe protons in both the pH 3.0 and pH 6. spectra. 4 the cytosine and thymine bases are stacked so that the NOE between CH6 and T-ME protons are observed (<4 A). In the intermediate pH range, the intensity of this crosspeak decreases due to exchange among different conformations.
What are the possible structures? Under neutral pH conditions, the cytosine base is not protonated. Two base pairing schemes involving at least two hydrogen bonds are possible, a C:T pair (APS orientation) or a C:C pair (PS orientation) (Figure 1) . We chose an anti-parallel APS duplex with full C:T pairs as the working model at pH 6.9 (model-I of Scheme 1). Scheme 1 includes only blunt-ended duplex models with at least two hydrogen bonds in die base pairs. The rotational correlation time T C (-2 nsec) of the two octamers and the spin-lattice relaxation time Tl (~ 1-2.2 sec) of their protons suggest that the molecules are not aggregated (e.g., not concatenated forms due to sticky ends). While a symmetrical multistranded structure like a tetraplex (20) may exist, the low T m of the molecule indicates omerwise.
Model I was refined using SPEDREF (21) to an NMR R-factor of 17%. Sections of the simulated spectrum are shown in Figure 6 . However, it should be pointed out mat due to die serious overlap of the resonances (because of the repeating nature of the sequence), the refinement is less definitive in providing a discrimination of the various models (e.g. 
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Scheme 1.
to be protonated. In this case, (C + :T pair) a cis (APS) orientation is possible. A model incorporating fully protonated C + :T pairs (Model-IQ of Scheme 1) was constructed and subjected to refinement, resulting in an R-factor of 18%. Sections of the simulated spectrum are shown in Figure 6 . The other possibility involves C + :C + and T:T base pairs in the trans (PS) orientation (Model VII).
Under intermediate pH conditions, some of the cytosines are protonated. This may have several consequences. A hemiprotonated C + :C base pair in the trans (PS) orientation is now possible (Figure 1 ). This will force the thymines to form T:T base pairs which have two possible configurations. This PS helix (Model-IV of Scheme 1) is substantially different from the neutral (Model-I) and acid (Model-HI) APS helices. Indeed, new resonances are observed, most notably those at the 1.76 ppm (Tmethyl) and at 7.0 ppm (T-H6). This suggests that the PS Model-IV is in slow equilibrium with the APS Model-I and Model-Hi.
It is possible drat other models exist. For example, some C:T pairs may now be protonated resulting in a partially protonated APS helix (e.g., Model-H or Model VI). The transition in going from Model-I to Model-El via Model-H is expected to have a low energy barrier, i.e., a rapid exchange among them. This was observed, as die common resonances associated with Model-I and Model-IQ remain sharp and their chemical shifts (except those of the H5 and H6 protons of cytosine bases) change very little.
Based on the existing data, we propose that the pH-dependent behavior throughout the pH range of the alternating (TC) n sequence involves a complex equilibrium. Some steps in the equilibrium network are slow (e.g., between I and IV), while others are fast (e.g., between I and IT). The multiple species in equilibrium at intermediate pH (3.8-5 .0) make a quantitative structural analysis difficult. For example, the spectra of dCTQî n diis pH range are extremely broad ( Figure 3B ), reaffirming the suggestion of multiple species in equilibrium. In fact, we can not rule out a PS helix with continuously stacked C + :C base pairs and the thymidine nucleotides extruding into the solvent region as suggested by Gray et al. (8) (9) (10) . However, one thing that is clear is that an unusual PS helix can not be the sole structure at pH~5 or the structure at pH=3 (11) . Also, the equilibrium seen in the NMR data and pH titrarion can be accounted for only if the conformation proceeds from Model-I at neutral pH and goes to Model-HI at pH 3.0. Our data suggests that the d(CT) n polymer behaves the same way at least in a qualitative sense.
Exchangeable protons Additional useful information may be obtained by studying the exchangeable protons. Figure 7 presents the ID spectra of d(TC)4 at two pH conditions (top two spectra). It can be seen that at pH 6.9 none of the exchangeable protons (T-imino and C-amino) was observed. This indicates that their exchange rate with bulk water was too fast. At pH 3.0, three new sets of resonances at 8.5, 9.2 and 11.3 ppm appeared. Their plausible assignments are the CNH6(external), CNH6(internal) amino and TNH3 imino protons respectively. The chemical shifts of the TNH3 imino protons are consistent with that proposed in other studies (31) . Their exchange rate with bulk water was significantly slowed down by the acidic conditions, rendering them observable. However, despite extensive attempts, no resonance near 15 ppm, arising from a C + :T base pair could be detected. It is possible that the imino proton of the protonated C is still labile and exchanges rapidly with water proton.
Under intermediate pH conditions, the exchangeable proton spectrum of d(TC)i 5 is extremely broad. Two major broad peaks, centered at -9.9 ppm and -11.5 ppm, were found. They may be tentatively assigned to C-amino and T-imino protons respectively. They are somewhat more down field than the Camino and T-imino protons of the low pH form. These data are again consistent with the notion that there are several conformational species in equilibrium at pH~4-5.
CONCLUSION
Polypyrimidine repeats like (TQ n have been shown to play biologically important roles in replication (32) , recombination (33) , transcription (34) , and chromatin organization (35) . Some d(TC) n binding proteins have been isolated in different cell lines (36, 37) . Hence these polypyrimidine tracts are biologically relevant sequences and knowledge about their structure would be useful in understanding how they function.
Our studies here demonstrate that a simple repeating (C-T) sequence has a complex pH-dependent conformational behavior. Under neutral (pH 7) and acidic (pH 3) conditions, the (C-T) B molecule probably adopts an anti-parallel helical structure with C:T and C + :T base pairs respectively. Significant NOE crosspeaks exist between adjacent cytosine and thymine residues in bom forms, supporting well-defined structures (i.e., not single strand). The low pH structure is not consistent with the model in which continuously stacked C + :C base pairs are formed and the thymidine nucleotides extrude into the solvent region, as Sarma et al. have proposed (11) . Under intermediate pH conditions, multiple conformational species coexist with different rates of exchange. While the model of Gray et al. (8 -10) may be among the multiple species, it is not a major species. Whether the novel tetra-stranded structure associated with oligo-(dC) molecules, as proposed by Gehring et al. (20, 21) , exists for alternating (C-T) sequence remains to be tested. To obtain an unambiguous answer on the possible structures associated with (C-T) n sequence, we have synthesized two oligonucleotides, d(CT(m 5 C)TCU(m 5 C)UCT) and d(CGACT(n^C)TCT), incorporating modified pyrimidine bases to disrupt the monotonic dinucleotide repeat. These two molecules should provide 2D-NMR spectra with significantly improved chemical shift dispersion which will permit a more definitive measurement of NOE crosspeak intensities. Because of the 5'-CGA motif (14) , the latter molecule is expected to adopt a PS structure under slightly low pH conditions. NMR studies are underway.
